Experiments at 200 MPa with the peraluminous (S-type) rhyolite obsidian from Macusani, Peru, asses the dynamics of crystallization starting with non-vesicular solid glass cores as compared to earlier experiments starting with powders of the same composition. Textures, spatial zonation of feldspars and quartz, and their compositional relations are substantively different and more clearly revealed in the solid-core experiments. The new experiments with solid cores possess more sharply bounded segregation of feldspathic and quartz-rich domains of crystallization, a shift from a predominance of feldspars to increasing mica with initial H 2 O content >6 wt %, and the simultaneous crystallization of solvus pairs of plagioclase and alkali feldspar at opposite ends of the melt volume. As in other similar studies, the maximum in the rate of crystallization, a function principally of crystal growth rate, occurs at a liquidus undercooling of $200 6 50 C. Both experimental studies with the Macusani obsidian apply to the chemical, textural, and spatial zonation of minerals within granitic pegmatites, particularly the Li-rich peraluminous pegmatites of S-type granite affinity. The new results have now reproduced and can account for the following features of pegmatites: (1) feldspathic outer zones and quartz-rich to pure quartz cores; (2) massive fine-grained border zones, followed by coarsening wall zones with unidirectional solidification texture, culminating in central domains of more isotropic fabric and coarse grain size; (3) locally, alternating laminations of mineral assemblages as in layered pegmatites and layered aplites; (4) a steady decrease in the An content of plagioclase from margin to core via subsolidus isothermal fractional crystallization; (5) spatial segregation of plagioclase and alkali feldspar along opposite margins of the melt body via far-field chemical diffusion; (6) an inward increase in the size of individual crystals by $10 2 ; (7) albite þ lepidolite bodies as the latest primary assemblage, and following the crystallization of pure quartz bodies. All of these experimental results followed from the appreciable undercooling of the melt prior to the onset of crystallization. All of the features cited, except for the formation of miarolitic cavities, are entirely igneous in origin, owing nothing to the simultaneous occurrence of an aqueous solution.
INTRODUCTION

Petrological relevance
A comprehensive and factual understanding of the complex internal zonation of pegmatites has eluded petrologists for over a century. Explaining the origins of that zonation represents a challenge to our understanding of igneous and hydrothermal processes, and our ability to discriminate between them. Pegmatites have long been known to arise from the fractional crystallization of large masses of granite (e.g. Jahns & Burnham, 1969) , and the relationship between granites and the pegmatites that they spawn has, too, proven elusive: both are textural variants of the same melt composition, and they crystallize at more or less at the same depth. Whereas granites form large masses of comparatively uniform and mineralogically homogeneous rock, pegmatites are precisely the opposite. Most pegmatite bodies are small, with dimensions on the scale of meters rather than kilometers, and internally heterogeneous in their composition and rock fabrics. They occur as segregations along the upper margins of the cupolas of granites and as sharply discordant dikes that intrude igneous and metamorphic rocks. Zonation in pegmatites occurs at two scales: (1) regional zonation, manifested as increasing chemical and textural complexity with distance from their granitic or other thermal source; (2) internal zonation, the mineralogical and textural changes within individual pegmatite bodies. The systematics of internal zonation also serve as a practical guide to the exploitation of rare-element and gem deposits (e.g. Cameron et al., 1949; London, 2013) .
The patterns of internal zonation become more complex as the chemical compositions of pegmatites evolve to their most fractionated variants, the lithium-rich pegmatites (e.g. Vlasov, 1961) . Nonetheless, from the common pegmatites, whose compositions are very near the minimum or eutectic composition in the hydrous haplogranite system (Tuttle & Bowen, 1958; Norton, 1966) with only accessory levels of other minerals, to the most-evolved Li-rich pegmatites (e.g. Stilling et al., 2006) , two aspects of zonation are universal: (1) the outer zones of pegmatites are feldspathic, whereas the cores are quartz-rich to pure quartz; (2) the feldspars, initially sodic plagioclase of $Ab 85 An 15 and alkali feldspar of $Or 70 Ab 30 , exhibit sharp spatial zonation and systematic oscillations from border to core. In steeply dipping pegmatite bodies, which mostly possess concentric zonation from margins to center, the firstformed assemblages are dominated by oligoclase, which is followed inwardly by an increasing abundance of alkali feldspar (Cameron et al., 1949) . In shallowly dipping pegmatites, which mostly exhibit a layered structure, plagioclase-or K-feldspar-dominant assemblages appear along opposite margins of the dikes (see London, 2008 London, , 2014b , although with numerous inversions and oscillations in their abundances laterally and inwardly .
Here we report on a series of petrological experiments that are intended to simulate the pegmatite-forming process such as to account for the essential aspects of internal zonation. Pegmatites owe their distinctive rock fabrics and patterns of zonation to liquidus undercooling of $200 C prior to the onset of crystallization (e.g. London, 2008; London et al., 2012b) . For that reason, most of the experiments here were conducted over a range of highly undercooled states from 70 to 350 C below the initial liquidus temperature of the bulk composition. London et al. (1989) previously published a study of crystallization involving melts derived from the Macusani obsidian, Peru, whose composition is a close analogue to the lithium-rich pegmatites that arise from the fractional crystallization of S-type magmas (Table 1) . In most experiments, finely milled obsidian glass (with and without added H 2 O) was melted above its liquidus temperature, and then cooled below the liquidus, which was located by the more conventional means of prograde melting of the devitrified products of the Macusani obsidian ( Fig. 2 of London et al., 1989) .
Previous experimental work with the Macusani obsidian
In a subsequent and equally extensive program (252 experiments) of crystallization entailing an H 2 O-saturated haplogranite melt derived from a synthetic glass made to the composition of the 200 MPa H2O thermal minimum (Ab 38 Or 28 Qtz 34 ), we observed significant differences in crystal nucleation delay in experiments beginning with solid glass cores as opposed to powdered glass as starting materials (Evensen, 2001; London et al., 2006b) . Differences were apparent and consistent both in forward, thermally prograde (subliquidus) experiments, and in reverse, thermally retrograde experiments in which liquids formed from either starting material were cooled isobarically below the liquidus. Although we were able to delineate the time-temperature surface for crystallization of water-saturated melts derived from powdered starting material (Fig. 1a of , similar experiments that began with solid glass cores failed to crystallize upon reverse-direction cooling. Thus, despite our assiduous efforts, we could not reliably London et al. (1989) .
2 Stilling et al. (2006) , modified with corrections from Morgan & London (1987 .
describe the crystallization dynamics of this bulk composition that were wholly intrinsic to its composition, and independent of the process or the state of the starting material by which those results were obtained.
Rationale for this study
This knowledge led us to the current study, in which we return to the Macusani obsidian, but using solid glass cores rather than powders. The rationale was two-fold. Marked differences in the crystallization response of powdered versus solid-core starting materials of haplogranite glass prompted us to conduct a similar comparison with the Macusani obsidian. Second, for reasons outlined below and by London et al. (2012a) , experiments that utilize hydrous, non-vesicular, three-dimensional melt bodies in contact with a common host rock to lithium pegmatites (this study) represent a better approach to a natural analogue (our goal) than do experiments with vesicular (air-filled), thin (essentially two-dimensional) melt bodies in contact with vapor or precious metal only, as were the results of the powder experiments. Because the original work was presented as a representation of pegmatite-forming processes, these experiments are similarly designed and discussed in that context. We briefly contrast the results of powdered versus solid-core starting materials, and derive from these new experimental data several attributes that are intrinsic to the silicate liquid, some of which were noted in the powder experiments, and some important features that were not evident from our work with powders as starting materials.
BACKGROUND Dynamic crystallization experiments
Only a small handful of experimental petrological programs have sought to assess the crystallization response of felsic silicate liquids to undercooling in terms of mineral habits, textures, and crystallization sequence. Those began with 'dynamic crystallization' experiments with basalts (Lofgren, 1975) , followed by granitic systems and subsystems (Fenn, 1977; Swanson, 1977) . The crystallization response, in terms of numbers of crystals and their growth rates, are related to DT, the magnitude (in C) of liquidus undercooling (e.g. see Fenn, 1977; Swanson, 1977; Dingwell, 1993) . The magnitude of DT is proportional to the partial molar Gibbs Free Energy change for the reaction G i,liquid ¼ G i,crystal , where i is a component of the melt with crystalline stoichiometry (e.g. NaAlSi 3 O 8 , Si 4 O 8 , etc.) . Values of D G rxn become more negative as DT increases (e.g. Fig. 14-3 of London, 2008) . For the felsic compositions studied, Fenn (1977) and Swanson (1977) showed that the maximum rate of crystal growth for plagioclase, for alkali feldspar, and for quartz occurred at C. In the hydrous haplogranite system at 200 MPa H2O (Evensen, 2001) , this undercooling coincides closely with the minimum delay in the nucleation of macroscopic crystals from melt and with the maximum amount of crystallization over time (see Fig. 1a of .
If the slopes of the liquidus surfaces are different above the solidus as they approach the eutectic, then their metastable extensions will diverge at different rates of temperature in the subsolidus region ( Fig. 17-12 of London, 2008) . Hence, in an undercooled liquid, including those of eutectic composition, values of D G rxn for each crystallization reaction will become increasingly negative with increasing DT, but not at the same rate. This is evident from the cryoscopic liquidus relations in tables 1a and 1b of Burnham & Nekvasil (1986) . At 500 C, DT % 190 C for a eutectic or minimum granitic melt at 200 MPa, the cryoscopic equations of Burnham & Nekvasil (1986) that define the liquidus equilibria, for K-feldspar of Or 70 Ab 30 , which are compositions similar to those in the outer zones of pegmatites. With their larger free energies of reaction, feldspars should be the first phases to crystallize, followed by quartz. This difference in Gibbs Free Energy of formation of feldspars versus quartz at highly undercooled states appears to be the single most important cause for the zonation of feldspathic margins and quartz-rich cores.
Crystallization experiments with the Macusani obsidian
Our prior study of crystallization in melts derived from the Macusani obsidian began with powdered starting glass. Some of the consequences and observations from London et al. (1989) are as follows.
1. The anhydrous glass crystallized in minutes on runup to temperatures above 550 . 2. With the addition of more than 4 wt % H 2 O, the melt failed to crystallize at any temperature below its liquidus for reverse-direction (undercooled) experiments up to 6 months duration. 3. When the undercooled melt did crystallize (with <4 wt % added H 2 O), the textures and mineralogical zonation resembled those same features as observed in granitic pegmatites. 4. The solidus of the H 2 O-saturated Macusani melt is 450 C at 200 MPa, and the melt formed from the obsidian achieves saturation in an aqueous fluid at $10 wt % H 2 O in melt. 5. At the same degree of crystallization, the H 2 O-undersaturated melt attained much greater chemical fractionation than did the melt in which crystallization ensued from the vapor phase. The spatial zonation of minerals and their habits in H 2 O-undersaturated experiments were strikingly similar to those of pegmatites, whereas the products of crystallization from aqueous fluid were not.
EXPERIMENTAL METHODS
The use of solid, non-vesicular glass cores of natural obsidian and fabricated glasses as starting materials eliminates the problems of trapped air and adsorbed H 2 O, and the starting materials do not collapse upon compression (e.g. see London et al., 2012a) . Solid cores are not prone to contamination by grinding, so long as their surfaces are adequately cleaned. The Macusani obsidian is essentially non-vesicular and non-crystalline as found (all such obsidian pebbles that we use are catalogued as US National Museum samples #2340). The obsidian contains accessory crystals of andalusite (100 mm Â 2 mm), which have proven to be unreactive over the course of experiments with solid glass cores. Minute quantities of rare earth element (REE) phosphates are completely obliterated in the preconditioning step as described below.
Cutting
Obsidian pebbles are cut into 1 cm thick slices, which are cored with a small diamond coring drill to yield cores of $3 mm Â 5 mm. The ends of those cores are rounded on a grinder, a necessary step to avoid tearing the Au capsule upon pressurization. Prior to loading, the cores are cleaned for 2-3 s in technical grade 50% HF to remove any surface contaminants from the drilling and grinding steps. Those cores are washed thoroughly in ultra-filtered deionized water and dried prior to loading. The resultant cores fit snugly within thinwalled (0Á25 mm ID) Au tubes.
Experimental equipment and conditions
Experiments were conducted in NIMONIC-105 cold-seal reaction vessels run in subhorizontal singly wound Kanthal furnaces that are inclined 10 to prevent convection within the vessels. Except for rapid-quench experiments, an internal Chromel-Alumel thermocouple and Hastelloy-C filler rod kept the capsule in the hot spot of the furnace (62 C over the 2 cm length of the capsules). Reaction vessels were run open to a factorycalibrated Heise Bourdon-tube gauge that is accurate and readable to 61-2 bar. The use of a small quantity of Immunol TM rust inhibitor in the water pressure medium keeps the fO 2 within the vessels at 0Á5 log units below the nickel-nickel oxide (NNO) buffer (Chou, 1978) , as calibrated against the solubility of cassiterite (Taylor & Wall, 1992) at 200 MPa H2O in peraluminous and metaluminous haplogranite minimum melt composition and various temperatures in our laboratory.
Hydration-preconditioning
In all samples, the amount of water added was less than the saturation value of $10 wt % H 2 O for Macusani obsidian at 200 MPa ; hence, incongruent dissolution between melt and aqueous fluid was not a problem and did not lead to any changes in the compositions of the quenched melts, other than the addition of H 2 O. Sealed Au capsules containing the finished core and added ultra-filtered and deionized water were run to liquidus temperatures of 850 C (2-4 wt % added H 2 O) and 800 C (4-5 wt % H 2 O) for one week, and 750 C (5-8 wt % H 2 O) for two weeks. These durations were sufficient to diffuse H 2 O homogeneously through the cores (see Acosta-Vigil et al., 2005) ; homogeneity was checked by microbeam analyses based on uniform analytical totals and by constancy of the Na/K ratio of the glass (see Acosta-Vigil et al., 2005) . Experiments were quenched to below 350 C either in air ($5 min) or by rapid sliding quench to the cold end of the reaction vessel ($3 s). Most preconditioning steps were quenched in air because glasses produced by rapid quench were too brittle to remove intact.
At liquidus temperatures, the melt derived from hydrous Macusani obsidian flowed into the interstices of the capsule. The hydrated glass cylinders, therefore, had to be reground as needed to fit the Au tubing and cleaned in HF as above.
Final loading
Hydrated or unhydrated cores, without amphibolite and with or without additional H 2 O, were loaded for a few final experiments. Most experiments, however, also contained powdered (<100 mm) amphibolite, the fresh host rock to the Tanco pegmatite . That amphibolite consists of 60 vol. % ferrohornblende, 37 vol. % plagioclase (An 48 ), 1-2 vol. % ilmenite, and up to about 2 vol. % other accessory phases including, quartz, chlorite, and epidote-group minerals. Amphibolite was chosen because it is highly reactive with pegmatite-derived fluids (e.g. Shearer et al., 1984; Morgan & London, 1987) , and it is a common host to Lirich pegmatites. In the experiments using amphibolite, 2 ml of ultra-filtered and deionized water was added first, followed by 30-50 mg of powdered amphibolite. The added water displaced the air from the amphibolite powder, and served to replicate a state in which that metamorphic rock was H 2 O-saturated along grain boundaries and fractures.
The final hydrated core was inserted and pushed down against the amphibolite to compact it further. The open end of the tube was squeezed to remove air, crimped, and welded. Sealed experiments were weighed, then compressed cold at 200 MPa, removed to inspect for tears in the capsule, and, if good, placed in an oven (100 C) for 2-4 h and subsequently weighed to check for leaks. In most experiments, the bulk of the amphibolite powder remained at one end of the core, as intended; however, upon compression, some of the amphibolite powder crept partly up the sides of the core. A few experiments contained amphibolite loaded at both ends, such as to surround the core completely upon compression.
Final experimental processing
Capsules were re-loaded into the reaction vessels and pressurized cold to 200 MPa. In early experiments (Table 2) , capsules were taken to run temperature in a single forward, thermally prograde step (run direction 'SF' in Table 2 ) lasting $25-30 min to come within 10 C of the final run temperature. In later work, furnaces were set to a pre-heat temperature of 850 C. As capsules approached 750 C in $5 min, the set temperature was dropped to that of the final run condition (a single, thermally retrograde step designated as 'SR' in Table  2 ), and the vessel and its capsule were cooled to that temperature at the rate of heat loss from the furnaces, $30-40 min to come within 10 C of the final temperature. Control experiments quenched from the point of reaching final run temperature showed no crystallization by either run direction.
ANALYTICAL METHODS
Quenched experiments were cut longitudinally on a diamond wafering saw, dried, and one half was stabilized with epoxy to minimize spalling. That half was mounted in 1 inch diameter round epoxy molds and polished for microprobe work.
Electron beam microanalysis included backscattered electron (BSE) imaging, energy-dispersive X-ray analysis (EDXA) of rastered areas, and spot analyses of minerals and glasses by wavelength-dispersive X-ray spectrometery (WDS) on CAMECA SX50 and SX100 instruments at the University of Oklahoma. Imaging was conducted using 15 kV acceleration and 20 nA sample current (measured at the Faraday cup). Analyses by WDS also were performed using 15 kV acceleration. Crystalline phases were analyzed using 20 nA current, a spot size of 2 mm, and counting times of 30 s on peak for major elements and 30-60 s for minor and trace elements yielding minimum detection levels of $0Á02-0Á07 wt % for all components except F ($0Á23 wt % using a TAP diffractor) and B ($0Á2-0Á4 wt % B 2 O 3 using an LSM device with 2 d ¼ 200 Å ; e.g. Morgan, 2015) . To further investigate the potential incorporation of boron, selected feldspars were analyzed using 8 kV acceleration, beam current of 20 nA, and 5 mm spot size; counting times were 30 s for Na and Al, 60 s for Si, and 75 s for K, Ca, and B, yielding minimum detection levels of 0Á01-0Á02 wt % for all elements except B (0Á15 wt %). Following the protocols of Morgan & London (1996 , 2005a , glasses were analyzed using two beam conditions to minimize the effects of alkali volatilization. Both conditions utilized 15 kV acceleration and a defocused 20 mm spot size; a 2 nA beam current was first used for analyzing Na, Al, Si, K, and Ca (30 s counting times, Na and Al measured first and concurrently), followed by a second 40 nA condition (30-60 s counting times) for all other minor and trace elements. Minimum detection levels for glasses were similar to those obtained for crystalline phases. EDXA-based X-ray beam-scanned mapping of selected samples was performed by spectral imaging on the CAMECA SX100 using a Thermo Ultra-Dry SDD and Thermo NSS 3 automation. Images were acquired into 1024 Â 768 pixel arrays, using 15 kV acceleration and 20 nA sample current; maps were acquired using 200-300 frames acquired at 200 s per frame. Phase analysis on the maps was performed using the COMPASS principal components analysis model within the Thermo NSS 3 automation.
The percentages of crystals, glass, and void space in the experimental products were estimated by image analysis of the whole-experiment composite backscattered electron images (Supplementary Data Electronic Appendix 1; all supplementary data are available for downloading at http://www.petrology.oxfordjournals. org) using Image Pro Plus by Media Cybernetics. The portion of each experimental product corresponding to the obsidian core (amphibolite and gold capsules were excluded) was manually traced into an irregular area of interest, segmented by gray tone into phases corresponding to voids, glass, and crystals, then the area per cent of the phases were calculated automatically. Solvus temperatures were calculated for pairs of plagioclase and K-feldspar using the Margulescorrected fits to solvi by Fuhrman & Lindsley (1988) and Elkins & Grove (1990) in the software package SOLVCALC (Wen & Nekvasil, 1994) . Feldspar pairings were of two types: (1) adjacent plagioclase and K-feldspar crystals; (2) plagioclase and K-feldspar at opposite ends of the melt volumes. In the latter case, the paired feldspars were separated by an essentially crystal-free melt (glass) reservoir the length of the core.
Lithium was analyzed in two run product glasses by secondary ion mass spectrometry (SIMS) microprobe at Arizona State University (Dr Lynda Williams, analyst). Analyses were conducted using an O -primary beam accelerated at 12Á5 kV, focused to a 10-30 lm spot on the sample held at 9000 V, for a total impact energy of $21Á5 kV. Energy filtering (-75 V) was used to eliminate interfering isobaric molecular species. The mass resolving power was set at $1200. Pre-sputtering times varied depending on the sample, and analyses were carried out after Li counts stabilized. Apertures were used to reduce counts so that both Si was recorded over 30 cycles, which was sufficient for analytical errors to closely match the error predicted by counting statistics. The conversion of the Li/Si ratio to Li 2 O wt % was based on a calibration curve derived from known standards [wet chemical analyses of eucryptite, spodumene, and petalite by J. A. Nelen, published as table 1 of London (1984) ].
DESCRIPTIVE RESULTS
A mosaic of each entire capsule was compiled from $12-48 individual BSE images (Electronic Appendix 1). Here we show and discuss only selected examples.
Dry glass cores
Whereas experiments with powdered Macusani obsidian (no added water) crystallized in minutes following attainment of temperatures !550 C at 200 MPa (see MAC5 of London et al., 1989) , dry cores of the same glass with (MAC219 , Table 2 ) and without added amphibolite powder (MAC218) yielded little (MAC219) or no crystallization (MAC218) with run durations of 740 h. The same difference in the crystallization response of these two materials, powder versus solid glass as starting material, was observed in experiments with haplogranite glasses (Evensen, 2001 ).
Hydrous glass cores without amphibolite Near liquidus
Experiments MAC231 and MAC232, containing cores of obsidian that were hydrated to 2Á8 and 3Á1 wt % H 2 O respectively, were run forward to 750 C. Based on Fig. 2 of London et al. (1989) , these experiments began their crystallization at DT $ 70 C. They produced a partially crystallized central domain containing very finegrained, disseminated Al-stuffed quartz and a singlephase alkali feldspar (Fig. 1a) , some forming a graphic intergrowth with Al-stuffed quartz (Fig. 1b) . The distribution of Al-stuffed quartz in relation to feldspar indicates that the Al-stuffed quartz crystallized first [consistent with the near-liquidus relations in Fig. 2 of London et al. (1989) ], and alkali feldspar crystals subsequently included it. The most notable feature of both products is the nucleation of quartz and feldspars within the melt volume.
Large undercooling
Experiments MAC235, 236, and 237 were similar in design, initial H 2 O content, and duration but undercooled to different temperatures (Table 2) . MAC235 (DT ¼ 210 C) developed a thick crystallization front along the margins with unidirectional solidification texture (UST; Shannon et al., 1982) (Fig. 1c) . MAC236 (DT ¼ 325 C) and 237 (DT ¼ 295 C) crystallized to a lesser extent (Table 3) , mostly with dispersed crystals of stuffed quartz and feldspar as in MAC232 (Fig. 1d) . Thread-like trails of crystals appear to have formed along fractures in the undercooled melt (e.g. Fig. 1d ).
Hydrous glass cores with amphibolite
The principal group of experiments contained powdered Tanco amphibolite with obsidian cores that were hydrated to 3Á1-4Á0 wt % H 2 O, plus water added to the capsule for total H 2 O ranging from 4Á5 to 10Á1 wt % H 2 O, but most close to 5Á5 6 1 wt % H 2 O. Amphibolite powder was added to completely surround the hydrated glass core in MAC216, 220, 221, 222 and 225. The amphibolite powder was restricted (insofar as possible) to one end of the capsule in MAC223, 224, 226, 229, 230, 233, 234, 239, 239 , and 240.
General observations Border and wall zones
With or without amphibolite, all single-core experiments but MAC231 and MAC232 developed a texturally complex crystallization front that surrounded the melt completely (Fig. 2) . We term the narrow (5-20 mm), massive, exceedingly fine-grained layer that forms first at the surface of the cores the border zone (Figs 2d and 3c), as it is texturally and mineralogically analogous to the border zones of pegmatites (see Fig. 4 of London, 2014b) . Inward from that border, the crystalline fabric is composed mostly of graphic intergrowths of quartz and feldspar in unidirectional growth toward residual melt pools (Figs 2d and 3b, c) . We refer to this UST fabric along the margins as the wall zone, as this, too, is analogous in texture and composition to the wall zones of pegmatites (e.g. London, 2014b) . Rarely, layered oscillations in the crystalline margin (Fig. 3d ) mimic the oscillations found in layered pegmatites and layered aplites (Webber et al., 1997; London et al., 2012b) . The wall zones extend upwards of 500 mm into the cores and become more potassic (K-feldspar) inward toward the residual melt (Fig. 2d) . Crystals coarsen inwards, attaining widths of $25-50 mm at their contact with the residual melt, and graphic intergrowths of quartz and feldspar segregate into separate crystals adjacent to the melt pools. Accessory phases in the wall zones include apatite and skeletal ferruginous micas.
Textures and mineralogy in and around melt pools
With advanced crystallization, inward growth of the wall zone and outward crystallization of feldspathic central domains almost coalesce. The outer and inner crystalline domains are separated along their margins by miarolitic cavities containing residual glass and euhedral crystals. The ends of the cores contain two domains of mostly glass and usually one large miarolitic cavity each (Fig. 3a) . Crystals of quartz along the edges of melt pools have diameters of $50-70 mm, but those within melt pools reach $250 mm (Fig. 3b) . Similarly for feldspars, crystal dimensions within melt pools are more than double those along the borders of melt pools (Fig. 3b) . With $60-90% crystallization, the crystalline margins end with nearly monomineralic quartz bordering miarolitic cavities or residual melt pools (Fig. 3c) .
Low H 2 O content. With <6 wt % total added H 2 O, the interior regions of experiments crystallized quartz and feldspar as coalesced central masses at undercooling of $200 C (Figs 2b, e and 3a, c). Small melt pools constitute <5-10 vol. % of the interior crystalline masses in some experiments (Fig. 4) . Vermicular crystals of Li-and Hstuffed quartz crowd the melt pools (Fig. 4) . Accessory ferruginous micas are present, as are vermicular crystals of topaz and minor cryolite.
High H 2 O content. Experiments that began with !6 wt % total H 2 O produced much more mica than those of lesser H 2 O content. The micas are mostly dispersed within the central domain of melt as a skeletal and radial intergrowth with quartz. With similar total H 2 O contents (>9 wt %), MAC217 (622 h at DT ¼ 265 C) contained just a few dispersed mica-quartz aggregates, whereas MAC239 (29Á8% crystals at DT ¼ 115 C for 1440 h) produced a thick (>500 mm) wall zone, spiral intergrowths of mica in quartz, and stellate sprays of feldspars ( Fig. 2c and f) .
Run MAC226 (DT ¼ 220 C) was the only experiment that crystallized completely (Fig. 5 ). The product developed a marginal graphic quartz-feldspar zone, an intermediate domain of nearly pure feldspar, followed 
Property divided by total area.
2
Property divided by sum of % glass þ % crystals.
by a core of quartz that projects into a central ( Fig. 5b) , crystal-lined cavity ( Fig. 5c ) that occupies $25-30% of the entire volume of the charge (Fig. 5a ). Despite the large volume of aqueous solution that was produced, we found no chemical or textural evidence for recrystallization or replacement of any minerals in the amphibolite powder. That observation applies to all experiments that contained powdered amphibolite. Fine-grained skeletal or twinned aggregates of mica dot the massive portion of MAC226. Their uniform grain size and distribution indicate that they had crystallized early, as similarly isolated skeletal micas do in the experiments that contain few crystals, prior to the advance of the feldspar-quartz growth front in MAC226.
The miarolitic cavity of MAC226 is filled mostly with euhedral crystals of quartz (Fig. 5 ) dotted with micas. Albite occurs as untwinned euhedral crystals. Cryolite and orpiment have been identified by EDXA. An octahedral or dipyramidal phase (Fig. 5d ) was shown by EDXA to contain only Al, O, and F with a stoichiometry of Al:F:O of approximately 1:2:2 (similar to ralstonite). In one small portion of the cavity, sodic pollucite (identified by EDXA) formed a spongy, skeletal crystal (Fig. 5e ).
Summary
There is no significant difference between forward-and reverse-direction experiments that are similar in temperature, duration, and water content. The greatest amount of crystallization occurs with undercooling between 100 and 300 C. Within this interval of DT, the extent of crystallization increases with time. Experiments starting with <6 wt % H 2 O produced abundant feldspar within the central melt pool, whereas those with >6 wt % H 2 O generated abundant mica plus quartz.
ANALYTICAL RESULTS
Normative compositions of border and wall zones
The CIPW normative compositions in wt % of the crystalline border and wall zones were calculated from EDXA ( Fig. 2a-c) . Where homogeneous, the border and wall zones were analyzed together in a single rastered analysis whose vertical dimensions were determined by the thickness of the crystalline border; where sharp heterogeneity was evident in the BSE images, the distinct portions were analyzed separately, and in those cases only the composition of the first-formed border zone is cited. Most of the individual analyses covered an area of $250 mm 2 . The two most striking features of the border and wall zones are that the run products are sharply zoned with respect to Or and Ab-An components, and with respect to Qtz. The ends of cores adjacent to amphibolite are always rich in plagioclase, which has the highest An content. The margins and far ends of the cores are commensurately potassic. Quartz is more abundant adjacent to amphibolite, and the normative Qtz content trails off toward the far, potassic ends of the cores. The normative Qtz component of the Macusani obsidian is 34Á0 wt %. The norms of the crystalline margins adjacent to the amphibolite approach that value, but overall, the border and wall zones contain substantially less quartz (21-26 wt %) than does the obsidian norm.
In the absence of amphibolite, zonation of the feldspars along the margins is still observed, but in a different manner. In MAC235 (Fig. 1c) , crystallization along the margins of the core produced a relatively Ab-rich assemblage at both ends (Ab 43Á15 Or 26Á39 and Ab 38Á86 Or 28Á35 ), but correspondingly Or-rich assemblages on both sides in the middle of the core (Ab 31Á80 Or 41Á63 and Ab 32Á37 Or 41Á59 ).
The normative Hy component of the crystalline margins is similar to that of the starting obsidian (1Á0 wt %), and the crystalline margins possess a high normative corundum component (Fig. 2a-c) . Ferruginous mica, which is abundant in the early crystalline products of the Macusani obsidian accounts for the modest Fe and high Al content of the border and wall zones of these experiments.
Quartz and related phases Distribution
X-ray intensity mapping reveals that the modal quantity of quartz increases sharply as crystallization proceeds (e.g. Fig. 3b and c) . This is a necessary consequence of the compositions of the early formed border and wall zones (Fig. 2a-c) , in which the quartz content is less than the normative quartz component of the Macusani obsidian. It also follows from the expansion of the liquidus field of quartz to decreasing temperature with the incremental increase in the concentrations of B, P, and F in the melt (Manning, 1981; Pichavant, 1981 ; see Fig. 3 of London et al., 1993) . Residual melts remain quartz-saturated, even down to low silica concentrations (discussed below). In MAC229 (500 C), however, the last assemblage to crystallize consisted of albite þ lepidolite (Fig. 3c) .
Composition
Quartz compositions vary widely from nearly pure SiO 2 to Al-and (apparently) H-and Li-stuffed derivatives, C, which contrasts with the evidence for flow in cores that were preconditioned near their liquidus temperatures; (2) two domains of crystallization are evident, from the borders in and from the center out. In this case, with 5Á0 wt % H 2 O at the start, miarolitic cavities did not form along the crystallization fronts (compare with Fig. 3a including petalite (Table 4) . In this study, we have analyzed silica phases by EMPA to calculate Li content by two means: wt % Li 2 O as the sole component of a difference from 100 wt % oxides, and wt % Li 2 O as equivalent to the Al content, corrected (reduced) for the negligible quantities of Na and K in the analyses. In Fig. 6 , quartz and its stuffed derivatives that plot along the 1:1 correlation line, the exchange vector LiAlSi -1 , would have Al charge-balanced only by Li. In our experiments (Table  4 ) the silica phases that most closely approach or straddle the exchange vector LiAlSi -1 are the relatively coarse-grained monocrystals of quartz that lie within melt pools (Fig. 3b ). For these, the weighted average correlation of Li by the two methods above is 1Á103 (SD at 1r ¼ 0Á277). They are also highly aluminous in composition, with an average of 3Á734 wt % Al 2 O 3 (SD at 1r ¼ 0Á872), and therefore commensurately high in Li. Vermicular crystals that lie within small melt pools in the fine-grained, crystallized central portions of experiments (e.g. Fig. 4b ) actually lie closer to the composition of pure quartz (average 1Á237 wt % Al 2 O 3 ), but they deviate from the LiAlSi -1 vector with an average correlation of 0Á638 (SD at 1r ¼ 0Á358).
Phases that plot above the LiAlSi -1 vector in Fig. 6 possess lower cation totals than can be explained by the charge balance on Al. In this case, the deviation from the LiAlSi -1 vector is probably caused by the incorporation of H þ in substitution for Si via the exchange H 4 Si -1 . We conclude that the low BSE signal intensity of the vermicular and high-temperature quartz is most consistent with the incorporation of this hydrous component.
Phases that plot beneath the LiAlSi -1 vector in Fig. 6 appear to contain more Al than can be charge balanced by the Li as calculated by difference. That could mean that the charge-balancing cations for Al include a sizeable fraction of H þ , as all other monovalent chargebalancing cations (Na and K) are accounted for. However, we attribute the high analytical totals (and correspondingly low Li by difference) to the migration of Li under the electron beam. After EMPA, the crystals of silica and of petalite appear white in BSE images where analyzed, meaning that the density of the phase under the beam has increased over the course of analysis. Hence, we interpret the phase in question in PEG46 (the first of this series of solid-core experiments before changing to the 'MAC' prefix) as petalite (Table 4) because the Li equivalence to Al plots at nearly the same value (4Á923) as does ideal petalite (4Á878). London et al. (1989) inferred from reconnaissance analyses that the vermicular quartz in small melt pools and formed at high temperature (e.g. Fig. 4b ) was the most substituted along the LiAlSi -1 exchange vector. Results presented in Table 4 show just the opposite. London et al. (1989) were led to that conclusion because the vermicular quartz is much darker in BSE images (and hence of lower mass) than the coarse, monocrystalline quartz that forms later, at lower temperature, and in more hydrous melts. 96Á57  1Á32  98Á70  0Á44  95Á03  0Á65  95Á60  0Á46  92Á48  0Á64  80Á08  0Á74  Al 2 O 3  1Á73  0Á70  0Á68  0Á14  4Á07  0Á74  3Á17  0Á47  5Á30  0Á56  16Á84  0Á29  Na 2 O  0Á06  0Á02  0Á02  0Á01  0Á01  0Á01  0Á02  0Á05  0Á01  0Á00  0Á01  0Á01  K 2 O  0 Á28  0Á33  0Á06  0Á00  0Á04  0Á01  0Á04  0Á03  0Á04  0Á01  0Á03  0Á00  Total 98Á63  0Á49  99Á46  0Á45  99Á14  0Á33  98Á82  0Á35  97Á83  0Á34  96Á95  0Á79  Atoms per 2 oxygen  Atoms per 10 oxygen  Si  0Á983 0Á007  0Á994  0Á001  0Á963  0Á007  0Á971  0Á004  0Á952 0Á005  4Á216  0Á013  Al  0Á021 0Á009  0Á008  0Á002  0Á049  0Á009  0Á038  0Á006 0Á064 0Á007 1Á045 0Á017 Na 0Á001 0Á000 0Á000 0Á000 0Á000 0Á000 0Á000 0Á001 0Á000 0Á000 0Á001 
Compositions and zonation of feldspars
The average composition of 35 plagioclase crystals in the marginal zones adjacent to amphibolite in seven experiments is Ab 89 An 05 Or 06 (Supplementary Data Electronic Appendix 2). One analysis was as calcic as An 12 , the same composition as the most calcic plagioclase at the margins of experiments that contained no amphibolite (e.g. London et al., 1989; . Plagioclase in the solid-core experiments is far less calcic than the plagioclase in the amphibolite (An 48 ; . Therefore, the proximity of the plagioclase-rich border zone to the amphibolite does not result from an influx of Ca at a scale that is measurable by EMPA.
Feldspar zonation at opposite ends Table 5 contains a subset of the analyses that appear in Electronic Appendix 2. The plagioclase-K-feldspar pairs listed in Table 5 come from the thin marginal border zones at opposite ends and along the margins of the cores. In all cases, the plagioclase and K-feldspar are separated by comparatively large volumes of nearly crystal-free glass. The dominance of plagioclase or Kfeldspar in different domains of the cores is evident in the normative analyses shown in Fig. 2 .
Feldspar solvus temperatures
Based on EMPA of paired feldspars (Electronic Appendix 2) in contact with the main masses of glass along the crystallization fronts, solvus temperature calculations fail for only nine out of 44 pairs. For the 35 pairs that do fit a ternary solvus, the majority lie within $10-25 C on the high-temperature side of the actual experimental temperature. This is the case even for forward-direction experiments, which never achieved temperatures higher than the run temperatures.
The size of feldspar crystals within the marginal zones of most experiments is too fine-grained for accurate analysis. We were, however, able to analyze touching K-feldspar and plagioclase pairs in the wall zone of MAC233 (Electronic Appendix 2), a reverse-direction experiment at 550 C (cooled from 750 C, liquidus T ¼ 710 C). From the outside toward center, K-feldspar and plagioclase represent solvus pairs that appear to record decreasing temperature from 603 C closest to the edge of the core (about one-third of the way in from the margin) to 562 C near the crystal growth front (Fig. 7 ), but the crystallization was isothermal at 550 C. The apparent decrease in temperatures from margin toward center is fictive. The decrease results from subsolidus isothermal fractional crystallization , and discussed below), wherein the compositions of the solvus pairs appear to track a liquid line of descent down the solvus surface, but they do so at a single subsolidus temperature.
Regarding the feldspars, we observe the following.
1. All experiments show some systematic zonation of sodic plagioclase and K-feldspar along their borders, whether amphibolite is present or not, and whether amphibolite is restricted to one end or surrounds the core completely. 2. The most calcic plagioclase derived from the crystallization of the Macusani obsidian cores (prehydrated or not) forms adjacent to added amphibolite, but that is no more calcic than plagioclase in amphibolite-absent experiments. 3. The addition of amphibolite serves to initiate crystallization of plagioclase in the adjacent melted obsidian, but there is no textural or chemical evidence of other interaction between the melt (or aqueous solution derived from it) and the amphibolite at any point in the course of any experiment. 4. When amphibolite is added, and especially when restricted to one end of the capsule, the K-feldspar component of the border and wall zones increases away from it, to a maximum normative and modal fraction at the opposite end of the melt body. 5. Sodic plagioclase and K-feldspar formed in contact with the main melt pool at opposite ends of the core, and feldspars in contact with residual melt pools at more advanced stages of crystallization, represent solvus pairs that regress with respect to all normative components to within $10-25 C of the run temperatures, even in highly undercooled experiments (up to DT ¼ 245 C). 6. The incipient crystallization of sodic plagioclase and of K-feldspar at opposite ends of the melt column is essentially simultaneous. The diffusion of Na, K, and Ca is sufficiently rapid, even at the highly undercooled state at which some cores show evidence of 65Á62  65Á70  64Á72  66Á41  65Á00  66Á48  64Á82  66Á55  64Á61  66Á24  P 2 O 5  0Á31  0Á18  0Á53  0Á50  0Á47  0Á48  0Á52  0Á50  0Á50  0Á53  Al 2 O 3  18Á82  21Á63  19Á42  21Á14  19Á15  21Á11  19Á27  21Á06  19Á38  21Á35  Fe 2 O 3  0Á06  0Á08  0Á05  0Á03  0Á04  0Á02  0Á04  0Á02  0Á03  0Á02  CaO  0Á10  2Á47  0Á06  1Á29  0Á04  1Á01  0Á03  1Á15  0Á02  1Á13  Na 2 Fine-grained crystalline mass at center of core. Fine-grained crystalline border at margin of melt pool. Medium-grained crystalline border at margin of melt pool or miarolitic cavity. 6 Coarse-grained adjacent to large melt pool or miarolitic cavity. 7 EMPA beam condition of 8 kV, 20 nA, 5 micron spot; includes analyses of boron, all below detection limit at <0Á02 wt % B 2 O 3 ; all other analyses at 15 kV, 20 nA, 5lm.
brittle fracture, to achieve near-equilibrium solvus compositions of the feldspars.
Partitioning of phosphorus between solvus feldspar pairs London et al. (1993) determined that the distribution coefficient for P between Or and Ab, D P Or/Ab , is 1Á2 for feldspars ranging from Ab 96Á5 Or 3Á5 to Ab 12Á0 Or 88Á0 that were grown within $70 C of their liquidus temperature in the hydrous granite system. In the present study, 35 feldspar pairs that regress to a solvus temperature (Electronic Appendix 2) possess an average D P Or/Ab of 1Á14, but with a large standard deviation of 0Á76 at 1r. We might expect that the deviation of D P Or/Ab from equilibrium is greatest for the feldspar pairs with the highest fictive temperatures of crystallization, and that D P Or/Ab approaches the equilibrium value as the feldspar solvus temperatures approach the actual temperatures of the experiments. That is not the case, as the range in D P Or/Ab is as large for feldspars whose temperatures are near those of the run temperature as it is for feldspar pairs whose fictive temperatures are substantially above actual run temperature (Fig. 8) . We infer that the low diffusivity of P (Wolf & London, 1994) , along with its sporadic pile-up along crystallization fronts (see Morgan & London, 2005b) , leads to the scatter of values for D P Or/Ab .
Mica textures and compositions
Micas are ubiquitous as early formed crystals within the melt pools, and they constitute a mostly invisible component of the border and wall zone crystallization fronts (evident from the large normative corundum components of these intergrowths by EDXA). Initial micas are simple skeletal crystals that evolve into stellate or spiraled intergrowths with quartz (e.g. Fig. 2e and f). The compositions of the first-formed, ferruginous micas are solid solutions with $75% siderophyllite-25% polylithionite (labeled analyses n-1, in Table 6 and Supplementary Data Electronic Appendix 3). Rim compositions (n-3 to n-5, Table 6 ) are close to 50% muscovite-50% polylithionite. From core to rim, the calculated Li content increases from $0Á55 to 1Á55 a.p.f.u. Lithium and Fe vary inversely (Fig. 9) . In general, F and Fe vary inversely, except in the Li-rich mica rims, where Fe is nil and F shows a wide range of values.
Accessory minerals
Topaz has been identified through EDXA of crystals in small residual melt pools of PEG46, MAC5 , and MAC229. Topaz and associated quartz are vermicular in habit, and both phases possess nearly identical BSE signal intensity (Fig. 4b) . X-ray intensity maps for Na Ka, Al Ka, and F Ka identified cryolite in the miarolitic cavities of the most crystallized run products (MAC226, MAC 229). Phase analysis from calcium and phosphorus Ka X-ray intensity maps reveals an abundance of many fine-grained crystals of apatite within the otherwise fine-grained crystalline products (e.g. Fig. 3d) . London et al. (1989) observed that apatite was conspicuous only when deposited as large crystals from aqueous solution in the vapor space of capsules.
Glasses
Analyses of glasses by EMPA are presented in Supplementary Data Electronic Appendix 4. SIMS analyses of Li 2 O come from PEG46 and MAC226. Using the analysis of Li 2 O in MAC226, which is representative of the majority of these experiments, we correlated the wt % Li 2 O in glass with percentage of crystallization (Table 3) , starting with 0Á74 wt % Li 2 O in the obsidian at 0% crystallization. Thus, for the experiments for which we have analyses of glasses and percentage of crystallization, we solved the linear relationship wt % Li 2 O ¼ 0Á0101 Â (% xls) þ 0Á74, added that quantity to the EMPA total, and from that derived estimates for the final H 2 O content by difference of EMPA total from 100 wt % ( Table 7) . The most hydrous glasses that lacked visible evidence of vesiculation were MAC221 (9Á17 wt % H 2 O) and MAC235 (9Á36 wt % H 2 O). Experiments MAC222, 230, and 234, with a small fraction of miarolitic void space (5Á9-8Á2%) show similar H 2 O contents of glass from 9Á06 to 9Á81 wt % H 2 O; MAC229, with 11Á6% void space, possesses a significantly lower H 2 O content of glass. Experiments MAC222 and MAC234 contain very small vesicles located only along the border crystallization front or in the central crystalline domain. 46Á09  53Á06  51Á93  54Á13  48Á56  46Á59  46Á94  46Á30  P 2 O 5  0Á25  0Á23  0Á14  0Á22  0Á12  0Á36  0Á00  0Á18  Al 2 O 3  26Á44  24Á15  24Á65  24Á19  21Á06  22Á75  33Á12  36Á47  FeO  1Á39  3Á79  0Á24  11Á30  10Á87  2Á05  0Á46  MnO  1Á27  0Á96  0Á85  0Á39  0Á43  0Á35  0Á16  MgO  0Á02  0Á02  0Á03  0Á42  0Á43  0Á03  0Á01  CaO  0Á04  0Á02  0Á03  0Á05  0Á02  0Á04  0Á04  Na 2 See text for explanation. Fig. 9 . Plot of Fe a.p.f.u. vs Li (calculated by difference) a.p.f.u. for micas from MAC229 and MAC230.
Based on the lower H 2 O contents of these glasses, vapor saturation in these two experiments appears to have been the result of local saturation in an otherwise undersaturated melt. In sum, the H 2 O contents of these glasses at saturation are $9Á5 wt % H 2 O, close to the saturation value 9Á5 6 2Á0 wt % H 2 O as observed by SIMS analyses of the Macusani obsidian just slightly above its H 2 O-saturated liquidus temperature at 200 MPa (London et al., 1988) .
We reiterate that H 2 O was added to powdered amphibolite to displace air from the capsule, and also to simulate an influx of H 2 O from host rock into melt. We summed both sources of H 2 O in the calculation of the total initial H 2 O content of melt (Table 2 ). Justification and confirmation of this summation comes from experiments such as MAC238, which contained 2Á1 wt % H 2 O by hydration and an additional 3Á1 wt % H 2 O added to amphibolite. The experiment produced 6% crystals and contained 7Á97 wt % H 2 O (calc) in the glass (Tables 3  and 7 ). To achieve this value of H 2 O in glass, all of the H 2 O added to the amphibolite had to have dissolved into the melt.
Another parameter, K* -K , measures the molecular ratio K/(K þ Na) in the product glass (K*) minus the same ratio in the starting Macusani obsidian (K ¼ 0Á36); a negative value means that the product glass is more sodic than the starting obsidian. Of the 292 glass analyses listed in Electronic Appendix 4, 87% are very slightly negative, but the mean and standard deviation from all analyses are near-zero: -0Á057 6 0Á053. Hence, the K* values of melt changed negligibly, even in evolved melts with very high concentrations of fluxing components. This result also was true of the evolved melts from the powder experiments of London et al. (1989) , despite expectations that such flux-rich melts should become markedly sodic (e.g. Burnham & Nekvasil, 1986) .
A notable feature of most glass transects is a boundary layer of glass $20-200 mm wide along the margin with the crystalline border zone that is visibly darker than the bulk glass in most of the BSE images. The data of Table 8 and Electronic Appendix 4 indicate that the atomically light character of the boundary layer glasses arises principally from their high boron content (Fig. 10) . Gradients in fluorine are smaller but apparent in a number of glass products, and gradients in phosphorus are nil in all but a few measured glass profiles (MAC230 possesses P-richer boundary glasses). Because of the equimolar association of H with B (e.g. London, 2009) , the boundary layer glasses are probably more hydrous as well; EMPA oxide sums are $2 wt % lower in the B-rich boundary layer glasses than in the distal bulk glasses (e.g. see MAC204, Electronic Appendix 2).
The fractionation trends of glasses are pronounced in experiments with a high degree of crystallization, and where extensive crystallization trapped small, isolated pools of melt. At $90% crystallization (Table 3) , glasses in MAC229 (a highly vesicular product) record enrichment factors (C i product /C i initial ) of 1Á57 for phosphorus, 3Á49 for fluorine, 8Á08 for boron, and 11Á19 for cesium.
Within the interior portion of a mostly crystalline central region, small melt pools in PEG46 (Table 8) exhibit extreme enrichment in fluxes and rare elements with enrichment factors of 1Á96 for phosphorus, 5Á08 for fluorine, 8Á92 for cesium, and 17Á01 for boron in this nominally anhydrous glass. Components of B, P, and F sum to 18Á8 wt % of the glass composition for PEG46 melt pockets. Moreover, these flux-rich melts are homogeneous and quench to durable glass without unmixing. Values of K* in glass of MAC229 and PEG46 are not far from the initial values of the obsidian. In PEG46, however, the silica content of melt fell by 24%, from 72Á32 wt % in the Macusani obsidian to 54Á95 wt % SiO 2 in the remnant glass pools. Even so, the glass pools contain abundant quartz, showing that the melt remained silica saturated at this low SiO 2 content.
Partitioning of phosphorus between feldspars and glass
The total of 292 glass analyses and 86 feldspars (sodic plagioclase and K-feldspar combined) give a value of D P Afs/melt ¼ 0Á77(0Á14), less than might have been expected from the high aluminum saturation index (ASI) ¼ 1Á35 of the starting obsidian (London et al., 1988) . The lower partition coefficient is consistent with an abundance of apatite in the crystalline domains.
DISCUSSION OF RESULTS
These are multivariate experiments in which only the bulk compositions of loaded capsules and pressure are constants. We have, therefore, to consider the effects of temperature, forward heating versus reverse cooling to that final run temperature, the H 2 O content of the system and how that H 2 O was added (to core, vapor space, one or both), and the duration of the experiments. Even with the large number of experiments listed in Table 2 , many of which had durations of 2-3 months, we have not come close to a fully constrained matrix of these variables and their results. Nonetheless, there are consequences that can be reliably compared among subsets of the experiments, and reliable interpretations can be attributed to specific features in those comparisons.
Reproducibility of results
MAC229 and 230, and 241 were identical in total H 2 O, run temperature, run direction, and duration. Between them, differences in the thickness of the border zone, the abundance of a fine-grained crystalline assemblage in the center, or in the proportions of residual melt or of miarolitic space are slight to nil (Table 3) . Somewhat less consistency was seen for the few other combinations of experiments that could be construed as replicates.
Thermally forward versus reverse approaches to run conditions
There is no discernible difference in the crystalline texture of the thermally prograde or retrograde experiments. 67Á45  70Á03  70Á54  70Á04  69Á56  69Á42  68Á68  69Á09  68Á65  70Á65  P 2 O 5  0Á48  0Á50  0Á56  0Á48  0Á54  0Á48  0Á51  0Á50  0Á55  0Á53  B 2 O 3  2Á64  1Á18  1Á15  0Á92  1Á32  1Á02  0Á86  1Á16  1Á17  1Á25  Al 2 O 3  14Á50  15Á15  14Á93  14Á88  15Á06  15Á00  14Á99  14Á74  14Á91  15Á13  FeO*  0Á44  0Á47  0Á50  0Á50  0Á49  0Á50  0Á52  0Á50  0Á51  0Á48  MnO  0Á11  0Á08  0Á05  0Á06  0Á07  0Á05  0Á06  0Á05  0Á06  0Á05  MgO  0Á00  0Á00  0Á01  0Á00  0Á01  0Á01  0Á01  0Á00  0Á01  0Á00  CaO  0Á26  0Á22  0Á20  0Á18  0Á22  0Á30  0Á30  0Á24  0Á18  0Á28  Na 2 O  3 Á77  3Á89  3Á75  3Á71  3Á93  3Á89  3Á70  3Á74  3Á91  3Á88  K Al  0Á782  0Á804  0Á790  0Á795  0Á803  0Á804  0Á813  0Á794  0Á805  0Á796  Fe  0Á017  0Á018  0Á019  0Á019  0Á019  0Á019  0Á020  0Á019  0Á020  0Á018  Mn  0Á004  0Á003  0Á002  0Á002  0Á003  0Á002  0Á002  0Á002  0Á002  0Á002  Mg  0Á000  0Á000  0Á001  0Á000  0Á001  0Á001  0Á001  0Á000  0Á001  0Á000  Ca  0Á013  0Á010  0Á010  0Á009  0Á011  0Á015  0Á015  0Á012  0Á009  0Á013  Na  0Á335  0Á339  0Á327  0Á327  0Á344  0Á343  0Á330  0Á332  0Á347  0Á336  K  0 Á183  0Á206  0Á194  0Á206  0Á182  0Á207  0Á212  0Á206  0Á210  0Á198  Rb  0Á006  0Á005  0Á006  0Á006  0Á006  0Á005  0Á005  0Á006  0Á005  0Á005  Cs  0Á002  0Á002  0Á001  0Á001  0Á001  0Á002  0Á001  0Á001  0Á002  0Á000  F  0 Á221  0Á236  0Á191  0Á184  0Á173  0Á181  0Á148  0Á168  0Á167  0Á154  Sum  4Á654  4Á649  4Á626  4Á632  4Á638  4Á652  4Á645  4Á642  4Á658  4Á639  K* -K   -0Á008  0Á017  0Á011  0Á026  -0Á015  0Á015  0Á031  0Á022  0Á016  0Á010 MAC204, SF, 550 C Transect edge to edge at middle wt % oxide SiO 2  68Á66  69Á65  69Á72  69Á06  69Á63  70Á03  69Á56  70Á38  69Á60  69Á45  69Á46  69Á87  70Á28  70Á51  P 2 O 5  0Á52  0Á55  0Á59  0Á54  0Á56  0Á51  0Á56  0Á54  0Á56  0Á52  0Á52  0Á48  0Á53  0Á56  B 2 O 3  1Á00  1Á36  0Á85  0Á99  1Á31  1Á04  0Á65  0Á86  0Á78  1Á22  1Á34  1Á06  0Á88  0Á81  Al 2 O 3  15Á18  14Á71  15Á30  14Á95  14Á87  14Á81  14Á58  14Á82  14Á83  14Á80  14Á90  14Á93  14Á82  14Á92  FeO*  0Á49  0Á52  0Á50  0Á50  0Á51  0Á50  0Á54  0Á55  0Á51  0Á50  0Á49  0Á51  0Á53  0Á53  MnO  0Á09  0Á06  0Á06  0Á05  0Á06  0Á06  0Á06  0Á07  0Á05  0Á05  0Á07  0Á06  0Á06  0Á06  MgO  0Á00  0Á00  0Á01  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á01  0Á01  0Á01  0Á01  0Á02  CaO  0Á16  0Á19  0Á19  0Á33  0Á16  0Á28  0Á19  0Á19  0Á19  0Á25  0Á19  0Á18  0Á24  0Á18  Na 2 O  3 Á71  3Á89  3Á83  3Á81  3Á65  3Á94  3Á73  3Á95  3Á78  3Á98  3Á88  3Á86  3Á93  3Á87  K 
Atoms per 8 oxygen (sum excludes F) Si  3Á148  3Á152  3Á158  3Á156  3Á154  3Á165  3Á190  3Á179  3Á176  3Á151  3Á146  3Á166  3Á174  3Á177  P  0 Á020  0Á021  0Á023  0Á021  0Á022  0Á020  0Á022  0Á021  0Á022  0Á020  0Á020  0Á018  0Á020  0Á021  B  0 Á079  0Á107  0Á067  0Á078  0Á103  0Á081  0Á051  0Á067  0Á062  0Á095  0Á105  0Á083  0Á069  0Á063  Al  0Á820  0Á784  0Á817  0Á805  0Á794  0Á789  0Á788  0Á789  0Á798  0Á791  0Á796  0Á797  0Á789  0Á792  Fe  0Á019  0Á020  0Á019  0Á019  0Á019  0Á019  0Á021  0Á021  0Á020  0Á019  0Á019  0Á019  0Á020  0Á020  Mn  0Á003  0Á002  0Á002  0Á002  0Á002  0Á002  0Á002  0Á003  0Á002  0Á002  0Á003  0Á002  0Á002  0Á002  Mg  0Á000  0Á000  0Á001  0Á000  0Á000  0Á000  0Á000  0Á000  0Á000  0Á001  0Á001  0Á001  0Á001  0Á001  Ca  0Á008  0Á009  0Á009  0Á016  0Á008  0Á014  0Á009  0Á009  0Á009  0Á012  0Á009  0Á009  0Á012  0Á009  Na  0Á330  0Á341  0Á336  0Á338  0Á321  0Á345  0Á331  0Á346  0Á334  0Á350  0Á341  0Á340  0Á345  0Á339  K  0 Á211  0Á206  0Á200  0Á203  0Á199  0Á211  0Á211  0Á194  0Á207  0Á214  0Á208  0Á196  0Á209  0Á211  Rb  0Á005  0Á005  0Á005  0Á005  0Á005  0Á005  0Á005  0Á005  0Á006  0Á006  0Á005  0Á005  0Á005  0Á005  Cs  0Á001  0Á001  0Á001  0Á001  0Á001  0Á001  0Á001  0Á001  0Á001  0Á001  0Á001  0Á001  0Á002  0Á002  F  0 Á175  0Á181  0Á181  0Á152  0Á179  0Á158  0Á170  0Á157  0Á192  0Á173  0Á176  0Á183  0Á164  0Á166  Sum  4Á645  4Á647  4Á638  4Á645  4Á628  4Á651  4Á632  4Á635  4Á636  4Á662  4Á651  4Á638  4Á647  4Á642  K* -K   0Á029  0Á015  0Á012  0Á015  0Á021  0Á018  0Á028 -0Á001  0Á022  0Á019  0Á018  0Á005  0Á017  0Á023 Additionally, the solvus feldspars in the thermally forward experiments record temperatures slightly higher than the run temperature, as do the reverse-direction experiments. The only discernible difference is that forward experiments to 450-550 C retain their original shape of the core to a greater extent than do products that were preconditioned at !750 C, which reflects the differences in melt viscosity as a function of maximum temperature achieved.
Effects of time
Experiments MAC241, 242, and 243 contained the same total H 2 O content, were run at the same temperature, and therefore the same liquidus undercooling (DT ¼ 245 C), but for durations of 504, 1008, and 1512 h, respectively. The run products show a progression of crystallization, starting with (1) a narrow crystalline border zone only (MAC242, 14% crystalline) and lacking miarolitic cavities, followed by (2) a thick crystalline border, with small miarolitic cavities along the crystallization front plus widespread internal crystallization of micas and mica-quartz aggregates (MAC243, 28% crystalline), and, finally, (3) fine-grained, massive, vesicular, and nearly complete crystallization within the central melt pool with large remnant melt pools at each end of the core, and usually one large miarolitic cavity per melt pool (MAC241, 41% crystalline). In the range of 55Á90  55Á22  52Á76  55Á90  68Á85  68Á40  69Á01  68Á79  P 2 O 5  0Á62  0Á71  1Á74  1Á71  0Á62  0Á57  0Á60  0Á58  B 2 O 3  11Á64  11Á95  9Á95  8Á65  2Á73  2Á75  2Á79  2Á71  Al 2 O 3  17Á16  16Á30  16Á89  18Á42  15Á02  14Á69  14Á82  14Á86  FeO*  0Á14  0Á15  0Á19  0Á08  0Á43  0Á42  0Á42  0Á45  MnO  0Á09  0Á08  0Á11  0Á10  0Á05  0Á06  0Á05  0Á07  MgO  0Á00  0Á00  0Á00  0Á00  0Á01  0Á01  0Á01  0Á01  CaO  0Á14  0Á16  0Á18  0Á19  0Á25  0Á25  0Á22  0Á23  Na 2 DT $ 200 6 50 C, crystallization increases continuously with run time (Fig. 11a) .
Relations of DT and time to crystal nucleation and growth
In this study, as in the presentations by Swanson (1977) and Fenn (1977) , we assessed the initial magnitude of liquidus undercooling, DT, because that is one of two key variables (time) that determine the crystallization response of melts to their undercooled state (also see Dingwell, 1993) . To calculate DT, we summed the initial H 2 O content of an experiment (hydration of glass plus added water), and from that calculated DT as the subliquidus run temperature in relation to the liquidus temperatures at that initial H 2 O content (Fig. 2 of London et al., 1989) . The value of DT has thermodynamic significance, as DT correlates with the Gibbs Free Energy of crystallization as presented above. Because the composition of the hydrous Macusani obsidian is not eutectic at 200 MPa (Fig. 2 of London et al., 1989) , values of DT decrease as experiments crystallize, and the H 2 O content of melt increases to saturation as the melt approaches the liquidus composition. In our case, the intent is to simulate a natural crystallization event, so chemical evolution of the melt, including H 2 O content and changes in the effective undercooling, are part of the design. Fenn (1977) and Swanson (1977) recognized these facts, and so plotted T versus initial H 2 O content to define their experimental matrix, and they utilized the initial DT to assess nucleation and crystal growth with the knowledge that their experiments, too, fractionated with respect to DT, H 2 O content, and melt composition with the progress of crystallization. The incipient nucleation of crystals, however, depends only upon DT, and hence only on the initial H 2 O content of the melt, not its final concentration. Beyond the first few per cent of H 2 O in melt, additional H 2 O does little to change the viscosity or electrical conductivity of melt (e.g. Burnham, 1979; Holtz et al., 1999) , and hence has lesser impact. Moreover, in the case of unidirectional sidewall crystallization of undercooled melts, the numbers of crystal nuclei are at a maximum in the first-formed border zone, and nucleation density decreases as fewer and fewer crystals succeed in the inward competition for space and material (e.g. see chapter 17 of London, 2008, and Fig. 4 of London, 2014b) . Thus, the progress of crystallization in these experiments owes more to the rate of crystal growth than to the numbers of crystals growing. Figure 11 shows the percentage of crystallization as functions of time (h) and liquidus undercooling (DT, C), as derived from Tables 2 and 3 . Experiments of short duration (<1000 h) and large undercooling (DT >300-350 C) mostly produced no crystals. As in our prior study, minute quantities of fine-grained, dispersed crystals of stuffed quartz nucleate in experiments of short duration and large undercooling, but a continuum of crystallization involving both quartz and feldspar commenced only in experiments that contained >3 wt % H 2 O. It is those experiments that fall within the nucleation surface of Fig. 11 . The results define a parabolic DT-t nucleation surface, with the shortest nucleation delay of $200 h at DT of $50 C. Two isochronous regions through the bulk of the data of Fig. 11 , centered at 720 and 1440 h, illustrate that crystallization occurs mostly at DT between 100 and 300 C. Maxima in crystal growth rates shift from DT of $150
C between 500 and 1000 h to DT of 250 C in experiments of 1250 h or more, and the percentage of crystallization increases with time. The parabolic shape of the nucleation surface and the maximum in crystal growth rate at DT of $200 6 50 C were observed in the hydrous haplogranite system (Evensen, 2001; Fig. 1a of London, 2014a) .
Relations of H 2 O content to crystallization
An analogous plot of initial H 2 O content versus time (Fig. 12a) shows no positive correlation between the percentage of crystallization and the two principal variables plotted. A similar construction of percentage of crystallization versus initial H 2 O content (Fig. 12b ) Table 3 as functions of liquidus undercooling (DT) and time for the solidcore experiments that contained >3 wt % total added H 2 O. Numbers are per cent crystals as described in Analytical Methods and presented in Table 3 . Symbols for SF and SR refer to forward-and reverse-direction experiments, respectively. Plots of per cent crystallization vs DT for time domains centered at (b) 720 h and (c) 1440 h and that include most of the experimental data show maxima in crystallization at DT ¼ 150 C (720 h) and 250 C (1440 h); curves depicted in (b) and (c) are drawn to pass through the maxima as in the presentations by Fenn (1977) and Swanson (1977) . Crystallization tails off sharply where 50 C > DT > 300 C. The nucleation surface is identified by the onset of continuous crystallization of quartz and feldspar in the undercooled hydrous obsidian melt. displays no correlation, either. A comparison of Figs 11 and 12 demonstrates the significance of DT as a measure of the crystallization response of the melt to undercooling. The parameter DT carries thermodynamic significance, and plots of time versus DT have been utilized in similar studies of crystallization in geological materials (Lofgren, 1975; Fenn, 1977 Fenn, , 1986 Swanson, 1977; Swanson & Fenn, 1986; MacLellan & Trembath, 1991; Maneta & Baker, 2014) .
In summary, the best correlations with the percentage of crystallization were with the duration of the experiment and the magnitude of initial liquidus undercooling. Correlations between crystallinity and total H 2 O added are generally positive but with appreciable variability.
Melt viscosity at highly undercooled temperatures
The viscosity of hydrous Macusani obsidian has not been measured. However, we observed the following features of run products that are consistent with a high viscosity of the Macusani melt at temperatures of $450-500 C.
1. There is no change of shape for cores that are heated forward to 450-500 C (e.g. Fig. 4a ), whereas the melt flows readily when heated to liquidus temperatures. 2. A chemically distinct boundary layer of glass that is enriched in B, F, and Cs is preserved in most experiments, including those of 2-3 months' duration. 3. Crystallization along fractures in the glass is evident in reverse-direction experiments whose crystallization occurred at 450-500 C.
Powder versus solid-core starting materials
Many aspects of the solid-core experiments were observed with the powdered obsidian starting material.
Here we highlight the important differences.
1. Nominally anhydrous powdered obsidian starting material crystallized almost to completion in minutes by the time that thermally forward experiments reached temperatures of 550 C or greater at 200 MPa. In contrast, the anhydrous solid-core experiments exhibit little or no crystallization after 740 h at any temperature. 2. At subliquidus temperatures, the powder experiments crystallized partially with up to $4 wt % H 2 O initially added to melt, but melts starting with more H 2 O did not crystallize at any undercooled temperature for experimental durations up to 6 months. In contrast, crystallization of the solid cores increases systematically with run time, and the experiments with the highest starting H 2 O content (e.g. MAC220 and 226) were also among the most crystallized. 3. The fine-grained masses of quartz and feldspar within the domains of some solid-core experiments were not evident in the powder study, but as we note above, the nearly two-dimension aspect ratio of the latter products precluded the interpretation of spatial zonation. Isothermal crystallization may have ensued from the central portions of the solid-core experiments because that melt was unfractionated and hence at the same state of liquidus undercooling as the initial liquid along the melt boundary. We hypothesize that the flux-rich composition of the boundary layer liquid suppressed crystallization between the marginal (border, wall zones) and central portions of the cores (Fig. 10 ). 4. Although the sequential crystallization of feldspars was the same, we saw none of the spatial zonation of feldspars (i.e. between ends of the charge, or from ends to medial sections) in the powder experiments that we routinely observed in the solid-core experiments. 5. Micas were volumetrically scarce in the crystallized melts generated from the powder experiments; however, those experiments contained <4 wt % H 2 O. The solid-core experiments that contained <5 wt % H 2 O also produced negligible mica. In the solid-core experiments, micas are abundant when experiments started with >6 wt % H 2 O. The modal abundance of feldspar versus mica, therefore, appears to owe more to the total H 2 O content of the melt than to differences in the final run temperature or duration. In the place of abundant mica, we note that topaz has been observed in the feldspar-rich, H 2 O-poor experiments. 6. The powder experiments that crystallized contained no miarolitic cavities, even in the most crystallized experiments. In contrast, the solid-core experiments that started with >5 wt % H 2 O commonly contain miarolitic voids at the margins of the crystallization fronts with as little as $10% crystallization.
THE CRYSTALLIZATION RESPONSE OF THE HYDROUS MACUSANI OBSIDIAN AND RELATED COMPOSITIONS
This study adds to the small number of experimental programs in which simple and chemically complex hydrous granitic or felsic liquids have been crystallized via liquidus undercooling, and in which the ensuing textures and liquid lines of descent have been assessed and interpreted in terms of their petrological significance (e.g. Swanson, 1977; Fenn, 1986; Swanson & Fenn, 1986; London et al., 1989; MacLellan & Trembath, 1991; Evensen, 2001; Maneta & Baker, 2014) . From this and the prior studies cited here, we draw the following observations.
1. Crystallization commences with undercooling >$50 C. That undercooling appears to be the minimum value needed to initiate crystallization in simple or chemically complex granitic compositions on the time scales of experiments to several months. 2. The nucleation of crystals within $75-100 C of the liquidus leads to a more or less homogeneous distribution of crystals in the melt. 3. Upon liquidus undercooling >100 C, crystallization commences principally along the margins of the melt body. Such sidewall crystallization occurs in experiments where the melt body is in contact with precious metal tubing, or with a hydrous vapor. Crystal habits evolve inward to radiating, skeletal, and graphic intergrowths. The addition of amphibolite to these experiments, simulating a host rock contact, serves to localize the initial crystallization. 4. The maxima in crystal growth rates and in the extent of crystallization occur at undercooling of $200 6 50 C. 5. Rates of crystal nucleation and growth fall sharply with undercooling >$300 C. The glass transition temperatures for the Macusani obsidian melts are not known, but a glass transformation curve is expected to closely parallel the lower limb of the nucleation surface; for example, as depicted by Dingwell (1993) . We have cited observations above that indicate a high viscosity for the melts of this study in the range of 450-550 C.
Liquid line of descent in flux-rich melts
The boundary layer liquids reported here (Table 8) are highly enriched in B, F, Rb, and Cs, but in other respects (K*, alumina, and silica contents) their compositions are close to those of the bulk melt. This is expected because as it forms, the boundary layer liquid is continuously diluted by the diffusion of the bulk melt components through it (London, 2008 (London, , 2009 . Once the bulk melt is exhausted, the liquid line of descent of what was the boundary layer liquid, the only liquid remaining, changes sharply as crystallization proceeds (London, 2008 (London, , 2014b (London, , 2015 . We have analyzed pockets of those very highly fractionated late-stage melts in PEG46 (Table 8 ). In addition to high concentrations of B and F, the melt is notably depleted in silica, although it remains quartzsaturated (also see Fig. 3 of . Phosphorus. The almost negligible increase in the phosphorus contents of melts in the present experiments results from the compatibility of P in alkali feldspar and from the abundant crystallization of apatite in this case . We have not observed amblygonite-montebrasite, LiAlPO 4 (OH,F), in the more fractionated melt domains of the solid-core experiments, although that solid solution crystallized readily with petalite in synthetic granitic melts enriched in Li, P, and F (London et al., 2001) .
Fluorine. In these experiments, cryolite-a mineral normally associated with alkaline igneous plutonsoccurs together with topaz as fluorine-saturating phases. Where these phases occur together in late-stage melt pools, the glasses contain upwards of 5Á5 wt % F (Table  8 ). The F contents of these cryolite-and topaz-saturated glasses are consistent with the estimated fluorine contents of amblygonite-and topaz-bearing granites of western Europe (London et al., 2001) . Burnham & Nekvasil (1986) proposed that cryolite would be the fluorine-saturating phase of F-bearing granitic melts, and that appears to be correct. However, assemblages of cryolite plus a peraluminous mineral were not envisioned by them. proposed that with the increase in the concentrations of B, P, and F in melt, the crystalline assemblage and the melt compositions will diverge, such that the melt becomes more alkaline, and the mineral assemblage more silicic and aluminous. In experiments, cryolite crystallized together with tourmaline (London et al., 2006a) , and with mica in MAC226 and topaz in PEG46 and MAC229 of this study. In nature, cryolite occurs as a daughter mineral in quartzhosted inclusions from miarolitic cavities that contain abundant lepidolite, tourmaline, and topaz at the Little Three mine, California .
Boron. In these and prior experiments with the Macusani obsidian and with B-enriched haplogranite melt , boron accumulates to high concentrations, $5-10 times its original abundance, in boundary layer liquids adjacent to crystallization fronts that constitute as little as 5% crystallization of the initial melt volume (e.g. MAC204). Despite the high B contents of the boundary layer liquids and of the late-stage melts (Table 8) , the high ASI values of the melts, and the modest mafic component sufficient to produce mafic mica (see Wolf & London, 1997) , tourmaline was not observed at any stage in these experiments. That includes lithium-rich tourmaline (elbaite-rossmanite), which also might be expected in the most fractionated residual melts of the Macusani obsidian that contain $1Á5 wt % Li 2 O.
Cesium. Cesium, which starts at 580 ppm in the Macusani obsidian, reaches 0Á54 wt % Cs 2 O in isolated pools of glass in PEG46. This is the Cs content of melt that would be expected at 90% crystallization (commensurate with the approximate proportion of glass in the fine-grained domain of PEG46) at a bulk distribution coefficient, D Cs ¼ 0Á06 (from London, 2014b) . This Cs content is well below the pollucite saturation threshold of 3Á40 wt % Cs 2 O in melt at 575 C (from London et al., 1998) , the run temperature for PEG46. Experiment MAC226, which did precipitate pollucite in the final stage of crystallization at 450 C, should have contained !1Á33 wt % Cs 2 O (from London et al., 1998) in the latest fluid present after at least 96% crystallization of the starting obsidian, again employing a bulk distribution coefficient of 0Á06. With a mole fraction of leucite component of 0Á17 from EDXA, pollucite in MAC226 records a crystallization temperature of 420 C as calculated from data in Fig. 3a of London et al. (1998) ; the actual run temperature was 450 C.
Subsolidus isothermal fractional crystallization
Solvus feldspar pairs in crystallized Macusani obsidian track and define the solvus over a range of $50 C from the first-formed to last-formed feldspars, even though crystallized at a single temperature (Fig. 7) . In general, crystallization begins with a single ternary feldspar of $Ab 83 An 12 Or 5 that evolves to solvus pairs of alkali feldspar and albite of An 0 composition (see Electronic Appendix 2). In an undercooled state, the first phases to crystallize are likely to be those whose Gibbs Free Energy changes are the most negative for the crystallization reactions. It is for this reason that feldspar solid solutions grown at highly undercooled states (Parsons, 1969; follow the liquid line of descent for the bulk composition, rather than forming solvus equilibrium pairs from the start.
It is now evident that the appearance of chemical fractionation in solid solutions or the sequential crystallization of heterogeneous mineral assemblages does not necessarily correspond to decreasing temperature of crystallization, as Bowen (1928) originally conceived of it. Experiments presented here show in greater detail how subsolidus isothermal fractional crystallization can produce just such a fractionation sequence (Fig. 7) at a single temperature well below the liquidus and even the solvus crest for the feldspar system.
Far-field chemical diffusion
The highly organized distribution of alkalis, mostly manifested by the spatial zonation of the feldspars, that is present in the solid-core experiments was not seen in the powder studies because the spatial relationships of crystallization in the powder experiments were unclear. In this study using solid cores, we observe that rapid chemical diffusion of alkalis across the entire melt volume leads to the simultaneous crystallization of solvus feldspar pairs at opposite ends of the melt volumes. The amphibolite powder acted as a trigger to initiate crystallization of the initial feldspar, plagioclase of An 12 . In response to that, a complementary K-feldspar of $Or 70 Ab 30 formed at the opposite end of the melt column rather than adjacent to the first-formed plagioclase. This result is a consequence of the long-range chemical diffusion ('field diffusion' of Morgan et al., 2008) in response to gradients caused by crystallization or dissolution of a mineral (e.g. Acosta-Vigil et al., 2002 Morgan et al., 2008; London, 2009 ). The chemical potential gradient caused by crystallization of the initial plagioclase will raise the chemical potential of the alkali feldspar component of the melt (Fig. 9 of London, 2009 ). Rather than crystallizing adjacent to the plagioclase, however, alkali feldspar precipitates at the far end of the melt column because that is the finite boundary condition for the diffusive supply of ions to the initial site of crystallization adjacent to amphibolite in these experiments.
APPLICATIONS TO GRANITIC PEGMATITES Feldspathic margins and quartz cores
We have shown here that when granitic liquids are undercooled by $150-250 C, feldspars are energetically favored over quartz because their Gibbs Free Energies of formation possess much greater negative values than does quartz. Consistent with that prediction, we observe that the first-formed border and wall zones of these and our prior experiments are markedly feldspathic relative to the bulk composition, which requires that quartz-dominant or pure quartz domains prevail toward the end of crystallization. This spatial zonation of feldspathic zones at the margins and quartzrich cores, which is the most commonly manifested mineralogical zoning in granitic pegmatites, can now be explained as the consequence of the different and divergent chemical potentials of the feldspar-and quartzforming components in highly undercooled melt.
The normative quartz component in the marginal zones of these experiments (23-26 wt %) is the same as in the early formed units of layered pegmatite from Ramona, California . In both instances, quartz-rich inner zones and cores ensue because the bulk compositions contain 33-34% normative or modal quartz.
Fractionation trends in plagioclase
The general tendency for the An content of plagioclase to decrease from the margins (oligoclase) inward (to pure albite) was cited by Cameron et al. (1949) as key evidence that pegmatites arise by fractional crystallization of granitic melt. In a recent case study, the An content of plagioclase in a pegmatite dike at Ramona, California, was found to vary continuously from An 8-9 along both dike margins to An 0 at the core, despite the fact that feldspar solvus thermometry points to crystallization along an isotherm of $425 C across the entire dike London et al., 2012b) . That fractionation trend at a single subsolidus temperature is reproduced in these experiments as a result of subsolidus isothermal crystallization.
Spatial zonation of plagioclase and K-feldspar
With this new set of experiments, we have shown that plagioclase-rich and K-feldspar-rich domains can crystallize on opposite sides of a melt body, and that zonation has nothing to do with the presence of an aqueous solution, nor directly with thermal gradients. This spatial zonation of feldspars arises when melt composition, liquidus undercooling, and the particulars of the environment of emplacement all lead to the formation of the single feldspar composition whose Gibbs Free Energy of crystallization is most negative for that particular setting. Once that happens, the complementary feldspar forms along an opposite wall of the melt body as a consequence of far-field chemical diffusion. The vagaries associated with this process explain why numerous well-known dikes in San Diego County, California (London, 2008) exhibit normal (K-feldspar dominant along the hanging wall) or reversed (plagioclase dominant along the hanging wall) spatial zonation of feldspars in roughly equal numbers.
Constitutional zone refining and the evolution of crystal dimensions
Here, as in prior studies, we find boundary layer compositions in which boron is particularly enriched relative to its abundance in adjacent melt. The accumulation of boron in the boundary layer liquid follows from its incompatible behavior in all but tourmaline, and from its low diffusivity (see London, 2009 ). Increasing boron content of melt also promotes an isobaric-isothermal increase in the solubility of H 2 O in that melt, as do phosphorus and fluorine (London, 2009) . Hence, the formation of flux-rich and exceptionally hydrous boundary layer liquids adjacent to crystal surfaces should enhance the lateral diffusion of components along the crystallization front (London, 2008 (London, , 2009 ), which in turn will promote the formation of large, monophase crystals in the intermediate and core zones of pegmatites. In this set of isothermal experiments, we attribute the nearly hundred-fold increase in individual crystal dimensions, and the transition from graphic intergrowths to euhedral monocrystals, to two factors: a gradual decrease in the numbers of competing crystals (London, 2008) , and enhanced rates of chemical diffusion resulting from the fluxing effects of incompatible components in the boundary layer liquid. That is the same magnitude of increase in crystal size as measured in pegmatites (Jahns, 1953) .
The final primary assemblage in lithium-rich pegmatites
Compositions like those reported for small melt pools in PEG46 (Table 8) are probably analogues to the last silicate liquids in Li-rich pegmatites, whether massive or miarolitic in fabric (London,1986 (London, , 2013 . Consistent with the zoning sequence developed by Norton (1983) , in which pure quartz bodies are followed by the last primary assemblage of albite þ lepidolite, the last assemblage seen in these solid-core experiments is that of albite þ lepidolite deposited on and following pure quartz along the margins of a miarolitic cavity (Fig. 3c) . Albite-lepidolite units that are quartz-poor and that contain the greatest enrichments of the Cs, Ta, and similarly rare elements are prevalent in Li-rich pegmatites that include Tanco (Manitoba), Harding (New Mexico), and many other locations (e.g. London, 2008) . From their contact relations with other units, they are also demonstrably that last primary assemblage to crystallize in Li-rich pegmatites (London, 2014b) .
CONCLUDING REMARKS
The use of solid, non-vesicular glass cores is an important improvement over our prior work , as we no longer have trapped air in the melts, and we can now accurately depict the spatial relations of crystallization in three dimensions. The addition of amphibolite as a catalytic surface for crystallization is a more realistic interface than those experiments wherein the melt is completely surrounded by a contact with humid air, aqueous fluid, or precious metal tube wall. We suggest similar starting states over powdered starting materials for any subsequent studies with the same general purpose as ours.
Largely as a result of the improved experimental design, we have now reproduced and can account for the following features of pegmatites:
There is also no evidence of chemical interaction of aqueous solutions as derived from the crystallized core and the amphibolite, no matter what the volume of aqueous fluid produced. We do not necessarily attach petrological significance to these facts, except to observe that they are consistent with interpretations of pegmatite-host rock relations: pegmatites crystallize as essentially closed systems (Jahns, 1953) .
All of these experimental results followed from the appreciable undercooling of the melt prior to the onset of crystallization. All of the features cited, except for the formation of miarolitic cavities, are entirely igneous in origin, owing nothing to the simultaneous occurrence of an aqueous solution.
